Abstract -The electron emission yield of materials is an important quantity to be determined in various fields of physics. Among them, dielectric materials have a strong ability to retain charges and remain charged when submitted to electrical field, in particular when irradiated by electron beam. Without the use of specific measurement methodology, experimental investigation of dielectric materials may lead to an inaccurate measurement of the total electron emission yield (TEEY). This paper shows that a particular attention should be paid to the pulse duration of the incident electron beam and to hysteresis effects induced by charge trapping.
I. INTRODUCTION
Many areas of fundamental physics and technological devices such as scanning electron microscopy (SEM) [1] , plasma physics [2] , space applications [3, 4] , particle accelerator [5] , etc., are based on or concerned by the electron emission (EE) phenomenon. The electron emission is a mechanism of release of electrons from materials under energetic particles (electrons, ions, atoms, photons) impact. The most needed parameter that quantifies the EE mechanism is the total electron emission yield (TEEY). TEEY, is the ratio of the total number of emitted electrons (secondary and backscattered) to the number of incident electrons. In contrast to metals the measurements of TEEY on dielectrics require consideration of dielectric charging effects. Indeed dielectric charging during irradiation interferes with the incident electrons and affects the TEEY itself [6] . A comprehensive review based on theoretical considerations of the effect of dielectric charging on the TEEY was given by Cazaux [7, 8] .
When measuring the TEEY on metals one can use a continuous electrons beam, because the emission of secondary electrons does not affect the conductive properties of the material under study. There are enough free electrons in the conduction band of the probed metal so the extraction of an electron does not lead to a positive charge build-up ( Fig. 1.a) or other side effects. Based on that mechanism the measured values of TEEY for metals are typically less than 2 as reported in the literature [9] .
The TEEY universal curve is shown in Fig. 2 . It increases when increasing the energy of the incident electrons up to a maximum value, followed by a decrease for higher energies and is characterized by two crossover energies (E C1 and E C2 ). The TEEY is lower than 1 when E < E C1 and E > E C2 and higher than 1 for E C1 < E < E C2 .
Based on the nature of dielectric materials the above description should be revised. The energy diagram of a dielectric material consists of valence and conduction bands well separated by the energy gap ( Fig. 1.b) . Depending on the dielectric material the energy gap is different; for example it is of 9.0 eV for stoichiometric SiO 2 , 7.5 eV for the Si 3 N 4 , 3.5 eV for the TiO 2 , etc. [10] . In reality, the energy gap of dielectrics is reduced by the energy corresponding to the band tails, situated close to the valence and the conduction bands and by the presence of possible localized states ( Fig. 1.b) . This determines the main differences observed in the TEEY measurements from dielectrics. The TEEY curve from dielectrics follows the same trends as the one from metals but the measured TEEY values are higher than one for a large range of the energy of incident electrons. Between the cross-over points E C1 and E C2 , where the TEEY is higher than one the dielectric is positively charged because the extraction of an electron from it provides an uncompensated charge. Thus in the case of dielectric material, every previous measurement will affect the following ones.
In this work we focus on the way to limit the dielectric charging phenomenon during measurements of TEEY. It is intended to reveal the influence of the dielectric charging on the interpretation of the obtained TEEY measurements. To that end we use thin thermal SiO 2 layers to increase the capacitance of the SiO 2 /Si system and therefore to limit the induced surface potential [7] .
II. SAMPLES ELABORATION
Silicon wafers (intrinsic or with low doping level, resistivity r = 7 to 13 Ω.cm, type n) purchased from Sil'tronix were used. Before being oxidized they were chemically cleaned using Piranha solution (mixture of hydrogen peroxide (H 2 O 2 ) and sulfuric acid (H 2 SO 4 )) and then rinsed in deionized water. The native oxide was removed by chemical etching in hydrofluoric acid (HF). Each step was followed by rinsing in deionized water.
The Si-wafers were oxidized at 1100°C under controlled atmosphere in a mixture of N 2 containing 1% O 2 , at a pressure of 1 atm. The above described oxidation process results in stoichiometric SiO 2 layers with thickness of around 120 nm. In order to study SiO 2 -layers with specific thicknesses the thickness of the so-elaborated thermal SiO 2 -layers was reduced by chemical etching in HF followed by rinsing in deionized water. The samples were rinsed until measuring zero surface conductivity. The etching rate was constant (12 nm.min -1 ) so the targeted thickness can be reached quite precisely. Finally, the studied SiO 2 thin layers were in the sub-100 nm thickness range.
III. CHARACTERIZATION METHODS

A. Thickness measurement
The thicknesses of SiO 2 layers were determined by spectroscopic ellipsometry using a SOPRA GES-5 ellipsometer in the range 250-850 nm. The recorded spectra were proceeded by using Bruggeman's model [11] . In order to verify the homogeneity of the oxide layer thickness a mapping was performed. Ellipsometry spectra were recorded on 37 points arranged in polar coordinates with a step of 7 mm in radius and an angle Q = 30°, resulting in more measurements near the central zone. Further characterization measurements (structural and those related to the TEEY), were performed in the central zone of the samples.
B. Structural characterization
The thermal SiO 2 layers were further structurally characterized by Fourier Transform Infrared (FTIR) spectroscopy. The FTIR measurements were performed using a VERTEX70 apparatus in transmission mode. The transmission method can be applied to intrinsic Si substrates due to transparency of intrinsic Si to infrared light. The used wavelength range was from 400 cm -1 to 4000 cm -1 with a resolution of 2 cm -1 .
C. Total electron emission yield
The TEEY was measured in an experimental facility specially designed for electron emission characterization [12] . The measurements were realized under high vacuum (5 x 10 -6 Pa). The electron irradiation was performed using a low energy electron gun (Kimball Physics ELG-2) in the range from 1 eV to 2 keV.
Considering I 0 the incident current (incident electrons), I E the current represented by the emitted electrons, and I S the current that flows between the sample and the ground (sample current), the current conservation law reads:
Each TEEY measurement was performed in two steps:
1) the sample holder was polarized at +27 V. Thus the low energy emitted secondary electrons are retracted back to the surface. The measured I S in this situation is very close to I 0 for materials made of atoms of low atomic number like SiO 2 .
2) the sample holder was polarized at -9 V, impeding the recollection of the emitted electrons and the sample current I E is measured over the whole energy range.
Knowing I E and I 0 , the TEEY can be deduced using the following expression [3] :
The TEEY is a phenomenon that is mainly affected by the first few or tens nanometers beneath the surface [8] . The contamination layer that usually builds-up on the surface after air exposure, has therefore a dominant impact on the TEEY [12] . To minimize contamination, the samples were quickly introduced after adjusting the layer thickness into the vacuum chamber, ensuring in that way a minimum exposing time. An in-situ x-ray photoelectron spectroscopy (XPS) measurement indicated a negligible amount of C-residues for all studied samples.
IV. RESULTS
A. SiO 2 thickness mapping
Mapping of the measured SiO 2 thickness is presented on Fig. 3 . The thick black circle on the figure represents the edge of the 2 inches Si-wafer, with the horizontal line marking the notch. The map applies only for the measured zone. The obtained variation in the layer thickness is of only 4.0 nm with the lowest values measured near the edge. As mentioned earlier the TEEY measurements are performed in the central zone (radius of 14 mm). For this part the observed disparity is of 1.3 nm approving for a very good homogeneity in the thickness of the oxide layer. Any measurement near the center would not suffer the edge effects. 
B. Fourier Transform Infra-Red spectroscopy
The FTIR spectrum in Fig. 4 shows the characteristic absorbance peaks of SiO 2 , the three typical transversally-optic (TO) modes of molecular vibrations of amorphous silica: at 457 cm -1 attributed to Si-O-Si rocking, the symmetric stretching at 810 cm -1 , the asymmetric stretching at 1085 cm , respectively. In terms of structural characterization, the choice of thermal SiO 2 layers as model materials to study the required conditions to limit the dielectric charging phenomenon when measuring the electron emission yield from thin dielectric layers is well supported. It means that the interpretation of the obtained TEEY results cannot be attributed to contribution of structural disorder. Fig. 5 shows a comparison between the TEEY spectra measured for continuous electrons-irradiation and pulsed irradiation (6 ms and 100 µs pulse duration) on a 90 nmthermal SiO 2 layer proceeded on Si substrate (low doping level, type n). Under continuous electrons-irradiation beam the measured TEEY remains constant (about 1) over the whole explored range of the incident electron energy. This behavior is the obvious signature of charging effect. Indeed, according to the TEEY approach for dielectrics [7, 9, 13] : if TEEY is below 1, a net negative charge is deposited in the sample. These charges give rise to an electric field in the vacuum of the specimen chamber, which slows the incident electrons and shifts their landing energy. This decrease of the landing energy leads to an increase of the total electron emission yield. The negative trapped charge reaches its saturation value of 1. Conversely, if TEEY is over 1 the dielectric is charged positively, but very low energy secondary electrons are attracted back to the sample, the insulator is then charged to small positive potential (some Volts) and the TEEY falls quickly to 1.
C. TEEY measurements: pulse duration of the incident electron beam
In order to limit the dielectric charging, short pulses electrons irradiation were used. When using a 6 ms pulse duration, the TEEY is higher at low energies and goes back to the saturated value of 1 from incident energies of 500 eV. The raise of TEEY for incident electron energies higher than 1500 eV is not discussed in this paper. By shortening the pulse duration down to 100 µs, the yield does not get saturated, and higher values of TEEY are measured. An atypical TEEY response is obtained, with a dip located at 1000 eV. This atypical shape of the TEEY was already reported [13, 14] . The phenomenon is currently under study and the mechanisms at play will be discussed in a forthcoming work. By shortening the incident electron pulse to 10 µs (not represented in Fig. 5 ), the TEEY remains the same, but the signal-noise ratio decreases which prevents from precise determination of the TEEY. Pulses duration between 10 µs and 100 µs appear to be well-adapted to measure the electron emission yield for SiO 2 thin dielectrics. The optimal pulse duration may slightly vary according to the sample thickness and the incident electron density.
D. TEEY measurements: hysteresis effect
As described in section II.C, two steps are required to acquire the TEEY spectrum. For each step an energy scanning from low to high value is performed. As a consequence the first measurement of the second step (around 10 eV energy) is following the last measurement of the first step (around 2 keV). In order to study a possible hysteresis effect, TEEY measurements were performed considering thin (10 nm, Fig. 6 ) or thick (93 nm, Fig. 7 ) dielectrics. The incident energies were scanned from low to high value (labelled E increasing on Fig. 6 and 7) and from high value downwards (labelled E decreasing).
The Fig. 6 shows that the longer the incident pulse, the lower the TEEY is, in agreement with the results presented in section IV.C. The maximum yield is around 10% lower when using 6 ms pulses duration, compared to 10 µs pulses. Moreover, the TEEY spectra obtained with ascending or descending incident electrons energy are close in the case of short pulses of 10 µs. For 6 ms pulses, the difference between the two spectra is not significant enough to conclude. In this case of thin SiO 2 layer, the incident electrons can cross the layer, especially in the high energy range, and then the induced radiation induced conductivity is expected to release the stored charges. Also, as the capacitance is high relatively to the case of thicker layer, the expected voltage drop is less.
For the thicker SiO 2 , Fig. 7 , layer the difference between TEEY spectra measured using increasing and decreasing incident energy is significant for 6 ms. A drop of TEEY by up to 25% is measured in the case of scanning with decreasing E. This is probably linked to the positive charging of the material. When the TEEY is close to one, a low charge variation results, and therefore the charge state does not change. However, the deposited dose may lead to enhanced conductivity. We believe that the variation in TEEY is a combination of charging effects and irradiation. On the other hand, while using 100 µs irradiation pulses, both curves are much closer, the maximum difference of TEEY being 6%. With these short pulses we still distinguish a higher difference alongside the highest TEEY. Note that the peak observed at the very low energy range is an experimental artefact linked to electrostatic lenses of the electron gun and is therefore not characteristic of the material. The deep of TEEY at around 1 keV is a competition between charge and discharge that will be discuss in further paper.
V. CONCLUSION
In this paper we showed that the pulse duration of the incident electrons beam has a great influence when measuring the TEEY for thin dielectric materials. In order to limit charges accumulation during measurements, pulses duration between 10 µs and 100µs appear to be well-adapted. In the case of experimental conditions leading to charges accumulation within the sample (i.e. long pulse duration of 6ms and thick sample of around 100 nm), an hysteresis effect can be observed.
